Objectives: After reading this article, readers should be able to recognize Post Dural Puncture Headache, understand its mechanism and diagnostic criteria, evaluate the different treatment options available, and be familiar with a novel treatment option. Background: Post-dural puncture headache is the most common serious complication resulting from lumbar puncture and epidural or spinal anesthetics. The syndrome is characterized by severe headache that occurs within 48 hours following the puncture, located in the frontal and/or occipital region, worsened in the upright position and refractory to routine analgesia. The syndrome incidence was reported to be approximately 1% with typical obstetric anesthesiology practice which reflects more than 20,000 cases per 2014 in the US. Two possible mechanisms are hypothesized as responsible for this syndrome; cerebrospinal fluid leakage and pneumocephalus. Multiple methods of treatment have been applied with wide-ranging results. Design or Methods: Review article with introduction of a novel treatment option. Results: We postulate that Hyperbaric Oxygen Therapy can be used to treat postdural puncture headache. The rationale for treatment is dual: enhancement of fibroblast proliferation at the site of dural puncture to facilitate faster closure of the tear and compression of air bubbles in case of pneumocephalus according to Boyle's law. We also claim that hyperbaric oxygen therapy should be considered a prophylactic treatment, if a dural tear is suspected.
Introduction
Spinal anesthesia has developed at the end of the 19 th century. Quincke and Wynter were the first to perform lumbar puncture (LP) in 1891 to relieve increased intracranial pressure in children with tuberculous meningitis [1] . Four years later (1895), Corning suggested local spinal anesthesia with cocaine to treat a man with habitual masturbation [2] . In 1898 Bier suffered and was the first to report Post Dural Puncture Headache (PDPH) after injecting cocaine into the subarachnoid space of seven patients including him and his assistant Hildebrandt. Bier also proposed that ongoing leakage of Cerebrospinal Fluid (CSF) was the cause of the headache. In modern day anesthesia, PDPH is reported to be the most frequent complication of spinal and epidural blocks. Despite the prevalence of the syndrome, little is known about its pathophysiology, and most accepted treatments are not evidence-based.
In the following article we attempted to gather all the information about the treatment options currently available. The purpose of the article is to introduce a new treatment option for PDPH, Hyperbaric Oxygen Therapy (HBOT). We believe that once an accidental dural puncture is suspected, HBOT should be started immediately to minimize the risk of development of PDPH. The rationale for treatment is fibroblast proliferation at the site of the puncture, the same mechanism that is applied for chronic wounds.
Anatomy, Histology and Pathophysiology of Dural Puncture

The Meninges
The spinal cord is surrounded by the three meninges; dura, arachnoid and pia mater. These membranes surround, support, and protect the spinal cord and spinal nerve roots, including those of the cauda equina, and contain the CSF in which these structures are suspended. The spinal dura mater; a dense vascularized collagenous connective tissue with some elastic fibers, is the outermost covering membrane of the spinal cord. Historically it was described as a longitudinal oriented structure [3] that was later confirmed by histological studies [4] . The relatively large molecular distances between the fibers allow drug and fluid movement [5] . The spinal dura is separated from the periosteum-covered bone and the ligaments that form the walls of the vertebral canal by the epidural space. The spinal dura forms the spinal dural sac, a long tubular sheath within the vertebral canal running from the foramen magnum to the coccyx. The spinal arachnoid mater is a delicate, avascular membrane composed of fibroblasts, collagen and elastic fibers that lines the spinal dural sac and its dural root sheaths. In contrast to the dura mater, the arachnoid consists of tiers of cells attached by tight junctions and occluding junctions. This phenomenon results in the impedance of drug passage into the CSF and the containment of CSF in the subarachnoid space [6] . It encloses the CSF-filled subarachnoid space containing the spinal cord, spinal nerve roots, and spinal ganglia. The spinal arachnoid is not attached to the spinal dura but is held against its inner surface by the pressure of the CSF. In a lumbar spinal puncture, the needle traverses the spinal dura and arachnoid simultaneously. Their apposition is the dura-arachnoid interface, often erroneously referred to as the "subdural space". No actual space occurs naturally at this site; it is, rather, a weak cell layer. The spinal arachnoid is separated from the pia mater on the surface of the spinal cord by the subarachnoid space containing CSF. The spinal pia mater, the innermost covering membrane of the spinal cord, is thin and transparent loose connective tissue that closely follows all the surface features of the spinal cord [7] .
Cerebrospinal Fluid
The brain produces roughly 500 mL of cerebrospinal fluid per day (0.35 mL/min). This fluid is constantly reabsorbed, so that only 100 -160 mL is present at any one time. Ependymal cells of the choroid plexus produce more than two thirds of CSF.
Dural Puncture and Loss of CSF-The "Leak Theory"
Neurosurgical experience of dural perforation is that even minor perforations need to be closed, either directly or through the application of synthetic or biological dural graft material, otherwise continuous CSF leak, adhesions or infection may occur [8] . Upon perforation of the dura mater CSF leakage occurs. Excessive CSF loss can lead to intracranial hypotension (ICH) which is one possible mechanism for the development of PDPH. A possible explanation for the headache is via the Monro-Kellie doctrine [9] ; the decrease in CSF fluid leads to a compensatory increase in blood volume. The headache is therefore caused by venodilation. Advances in neuroimaging have improved the ability to correlate CSF loss to the diagnosis of ICH and PDPH. Spinal magnetic resonance imaging (MRI) has demonstrated extra-arachnoid fluid collections, spinal meningeal enhancement and dilation of the epidural venous plexus [10] in the presence of ICH and PDPH. MRI also assists in locating the site of the CSF leak, even if the leakage is not active [11] . Radioisotope cisternography is another modality that confirmed the presence of CSF leakage. This test however, yields a positive result only if an active leak is present. Radionucleide myelography, computed tomography myelography, manometric studies, epiduroscopy and direct visualization at laminectomy have also proved the presence of a CSF leak when the cause of PDPH was sought [8] .
Dural Puncture and Pneumocephalus-The "Air Theory"
Pneumocephalus (PC) is defined as a pathological collection of gas within the cranial cavity. Most cases of PC following epidural techniques have been associated with the Loss of Resistance Technique (LOR). The LOR technique is widely used either with air or saline to identify the epidural space. PC is a rare complication of inadvertent dural puncture and injection of air into the subarachnoid or subdural space [12] [13] . It is assumed that the symptomatic headache arise from irritation of the spinal roots by air migrating cranially in the sitting patient [14] . Diagnosis can be done by imaging modalities such as CT, MRI or an XR of the skull showing air trapped in the spine and brain [15] .
Clinical Features
According to the International Headache Society [16] there are four criteria for PDPH which include a headache that develops within 5 days after dural puncture, worsens within 15 minutes after sitting or standing and improves within 15 minutes after lying down, accompanied by at least one of the following: neck stiffness, nausea, photophobia, tinnitus and hypoacusia, and resolves either spontaneously within one week or within 48 hours after effective treatment of the spinal fluid leak. Typically, the patient complains of severe headache, characteristically located in the frontal and or the occipital region. The pain is worsened with the upright position and improves with lying down. Any movement that increases intracranial pressure (such as coughing, sneezing, straining, or ocular compression) may exacerbate symptoms [17] . Signs that may be found on physical examination of the patient include the Gutsche sign: the application of firm manual pressure around the abdomen of the seated patient produces transient relief. Nuchal rigidity may also be seen. Other patients may have a cranial nerve palsy inducing diplopia [17] .
Incidence
The incidence of PDPH in 1898 was 66% as reported by Wulf [18] . With the introduction of 22 G and 24 G needles in 1956, Dripps and Vandam reported decreased incidence after examining 10,098 cases of spinal anesthesia [19] . In 1992 Kuntz et al. [20] reported an overall incidence of PDPH from 0.1% -36%, the highest incidence of 36% was found after ambulatory diagnostic lumbar puncture using a 20 or 22 guage standard Quincke spinal needles. A year later Reynolds [21] reported an incidence of 0.16% -1.3%. Obstetrical patients tend to have a greater incidence of post-dural puncture headaches, which is most likely caused by the larger size of the needle used for epidural anesthesia. Most of these are the result of epidurals that are accidentally converted to spinal cases [17] . In 2014 the incidence of PDPH was reported to be approximately 1% with typical obstetric anesthesiology practice which reflects more than 20,000 cases per 2014 in the US [5] .
Factors Influencing Incidence
Common risk factors of PDPH include female gender, particularly females during pregnancy, age groups of 20 -40, a prior history of PDPH or headache, and a lower body mass index [22] . Younger women were showed to have a greater risk for PDPH due to their fiber elasticity that maintains a patent dural defect compared to decreased elasticity in an older age [23] . Cigarette smokers were found to have a lower incidence of PDPH, possibly due to the clot-promoting properties of smoking that facilitate the occlusion of the dural puncture [24] . The experience of the physician performing the procedure was showed to be irrelevant in a series of 501 patients with PDPH [20] , however under current understanding it stands to reason that the higher the number of attempts at dural puncture, the higher the likelihood of dural puncture damage, CSF leak and PDPH [25] . There is no available study that examined this relationship to date.
Risk Factors and Prevention
Literature clearly indicates that there are several risk factors that may increase the risk to PDPH and ways to avoid them.
Needle Size
The smaller the needle size the smaller the dural defect and therefore the smaller the incidence of PDPH. Dieterich et al. [26] found that PDPH incidence was much lower with the use of 24 -27 gauge needles (5% -12%) compared with 20 -22 gauge needles (20% -40%).
Needle Design
There have been many studies comparing one or more types of pencil-point spinal needles with Quincke point needles that have consistently shown lower PDPH with the pencil point type. Cutting needles (Quincke) are associated with higher incidence of PDPH compared with pencil point/atraumatic/non-cutting needles (Sprotte, GM, Whitacre). Hart and Whitacre reported in 1951 lower headache rates with a new pencil point needle [27] . Sprotte [28] described in his paper in 1987, 34,950 procedures with new 24 G and 22 G Sprotte needles with headache rate of 0.02%. Strup et al. [29] reported in 2001 his results of a prospective double-blinded trial involving 230 patients who were randomly assigned to diagnostic Lumbar puncture with a 22-gauge atraumatic Sprotte needle or a 22-gauge cutting Quincke needle. Use of the atraumatic needle was associated with lower frequency of PDPH. Cutting needles were thought to be more traumatic because they cut across the longitudinal fibers of the dura and prevent the retracting dural fibers from sealing the puncture site when removed [25] , however, microscopic dissection of cadaveric dura mater revealed that dura fibers run concentrically around the medulla spinalis [30] . On electron microscopy it has been shown that pencil point needles are actually more traumatic to the dura compared with the cutting needles. It is therefore postulated that the trauma caused by the pencil point needle produces a greater local inflammatory reaction that helps seal the dural puncture leak more effectively [31] .
Needle Orientation
A longitudinal bevel orientation is more favorable in reducing the risk of PDPH when compared with a perpendicular orientation as showed in several laboratory [32] [33] and clinical [34] [35] studies.
Reinsertion of the Stylet
A randomized prospective trail of 600 patients undergoing diagnostic lumbar puncture found that reinsertion of the stylet prior to removing the needle versus no insertion resulted is associated with a lower incidence of PDPH [36] .
Other factors such as patient positioning after the procedure [37] and bed rest [38] - [41] were shown to have no effect on the development of PDPH.
Prevention
A large meta-analysis was conducted in 2012 by Bardbury et al. [42] . They searched for randomized clinical trials (RCTs) of parturients having labor epidurals, in which the studied intervention could plausibly affect accidental dural puncture (ADP) or PDPH, and the incidence of at least one of these was recorded. Forty RCTs (n = 11,536 epidural insertions) were included, studying combined spinal-epidurals (CSEs), loss of resistance medium, prophylactic epidural blood patches, needle bevel orientation, ultrasound-guided insertion, epidural morphine, Special Sprotte needles, acoustic-guided insertion, administration of cosyntropin, and continuous spinal analgesia. Five methods were shown to reduce PDPH: prophylactic blood patch, lateral orientation of the needle bevel during insertion, use of non-cutting point epidural needle, epidural morphine, and administration of cosynotropin.
Treatment
After confirming the diagnosis of PDPH, initial treatment for the first 24 -48 hours should remain conservative and include bed rest, oral analgesics that do not degrade platelet function such as opioids and hydration to maintain euvolemia. There is no evidence that vigorous hydration has any therapeutic benefit, or that it encourages an increased production of CSF, however no patient with PDPH should be allowed to become dehydrated [43] . If the diagnosis of PC has been made, there should be additional administration of 40% -100% oxygen in the supine position [44] . Epidural infusions or blood patch has no effect on PC [45] [46] . In the Table 1 summarized some of the possible drug treatments. For patients with a prolonged manifestation of PDPH an invasive treatment is suggested. Oral/IV (300 -500 mg) once or twice daily. Single oral dose for mild PDPH was proved to be safe [47] . Caffeine Sodium Benzoate as an IV Bolus/Infusion was proved to be 75% -80% effective [48] Temporary pain relief Return of headache 48 hr after the IV administered dose 
Pharmacotherapy
Invasive Treatment
Patients who do not respond to conservative treatment within 48 hours are subjected to invasive treatments.
Epidural Blood Patch
Epidural blood patch (EBP) has become the "Gold Standard" in the treatment of PDPH [43] . It is a relatively simple procedure; sterile autologous blood is injected epidurally at or near the site of the dural puncture. Prophylactic antibiotics are rarely used. It is believed to works via a dual mechanism: volume replacement and sealing of the CSF leak by local blood clot formation. Gormley [59] was the first to conclude that blood can serve as a sealing material. In his study he injected 2 -3 ml of blood to 7 patients (including himself) suffering from PDPH at the site of the puncture. His idea was later supported by DiGiovanni and Dunbar [60] . Literature suggests injecting volumes of 5 -30 mL [61] - [63] but practice suggests that the optimal volume is the one at which significant pressure occurs in the back, buttock or lower limbs. Abouleish et al. [64] studied 524 cases and reported >95% relief of PDPH following EBP, when using volumes of blood >15 mL. Crawford [65] injected 20 ml of blood and showed success rate of 97%. Other studies published later on offered lower success rates varying between 61% -75% [66] [67] . A systematic review published in 2010 showed that EBP reduce the duration and intensity of PDPH compared with conservative treatment [63] , however another report showed that relief of PDPH after the first epidural patch is roughly 50% and that up to 40% of patients will require a second patch [68] . Two early randomized controlled trials showed efficacy with the use of EBP [69] [70] . In another RCT conducted later, a prophylactic EBP was found to shorten hospital stay but did not prevent PDPH [71] . A Cochrane meta-analysis from 2010 supported the benefit of a prophylactic blood patch in preventing PDPH [63] . However, though it seems a highly effective treatment with minor complications, up to 30% of patients will experience recurrence of symptoms and require a second EBP [62] [72] . If two blood patches have been com-pleted and the patient's headache still persists, then imaging is probably warranted in most situations to confirm that the proper diagnosis has been made, although if each EBP is successful, there is a strong possibility that PDPH is the diagnosis and the EBP is simply failing to provide permanent relief [5] . Even though considered the "Gold Standard" treatment EBP is an invasive treatment option that does not come without its complications; the most common complication is backache which is probably caused due to local nerve root irritation and can last up to 5 days [66] . Other major complications caused by an accidental injection of the blood intrathecally, instead of epidurally, are rare and include; blood-borne infections such as arachnoiditis or meningitis and various neurological deficits such as cauda equine syndrome or permanent nerve damage. Other complications reported in the literature include; facial nerve paralysis, spinal subdural hematoma (following large volume injections), dizziness, tinnitus, vertigo, and ataxia. Intraventricular blood and pneumocephalus after an EBP were reported by Chen and Hillen [73] , both resolved spontaneously without treatment.
Epidural Saline or Colloid Solution
It is quit agreeable that an autologous EBP for the treatment of PDPH can be worrisome. Therefore it was thought that an injection of a solution such as saline would in theory, produce the same effect. Colloid solutions (dextran 40%, hydroxyethylstarch, modified fluid gelatin) and saline injections at the site of the prior lumbar puncture are believed to decrease CSF leakage by restoring the subarachnoid pressure; however, the effect is transient due to their quick dispersion. A few case studies showed relief of the headache in most patients, but with high rate (50%) of recurrence [74] [75] . A large comparative study of saline with epidural blood patches has not demonstrated the long-term efficacy of epidural saline placement [76] . It seems however, that colloid solutions are favorable compared to epidural saline; their high molecular weight and viscosity produce a longer effect of epidural pressure and seal of the defect. There is not enough evidence to support this argument.
Epidural Morphine
Eldor et al. [77] were the first to show that injection of 3.5 -4.5 mg of morphine via an epidural catheter caused total relief of the pain in 6 patients. A study published later on supported this idea; administration of 3 mg morphine epidurally significantly reduced PDPH and the need for EBP [78] .
Fibrin Glue
Another alternative agent to blood that has been proposed to repair dural perforation is fibrin glue [79] . Fibrin glue consists of two biological components including thrombin solution and fibrinogen. The concept of their interaction is based on the last step of the coagulation cascade; thrombin converts fibrinogen into fibrin monomers giving rise to a three dimensional gel within seconds [80] . Fibrin glue is most frequently used in neurosurgery to repair cranial dural perforations. There is not enough evidence to support the use of fibrin glue for PDPH. Crul et al. [81] reported in 1999 a case of a 29-year-old patient who suffered from persistent PDPH with the uneventful treatment of an epidural blood patch. She was successfully treated with local injection of fibrin glue. There is however, an increased risk for infections, immune reactions and anaphylaxis because fibrinogen is a biological material derived from pooled human plasma.
Intrathecal Catheter
This involves placement of a catheter through the dural perforation. The mechanism of action is believed to be a local inflammatory reaction created by the catheter that promotes dural tear healing and reduce the CSF leak [61] . A meta-analysis by Heesen et al. [82] found that insertion of an intrathecal catheter significantly reduced the risk for an EPB, however the incidence of PDPH wasn't reduced significantly.
Surgery
Cases that are unresponsive to the above suggested therapy are subjected to surgery. This is clearly a last resort treatment [8] .
Suggested New Treatment
We came up with a new treatment for PDPH, weather it is due to a CSF leak or due to the less frequent cause: PC. Hyperbaric Oxygen Therapy (HBOT) is defined by the Undersea and Hyperbaric Medical Society (UHMS) as an intervention in which an individual breathes near 100% oxygen intermittently while inside a hyperbaric chamber that is pressurized to pressure greater than sea level (1 Atmosphere Absolute or ATA). Indications for hyperbaric treatment as published by the UHMS include: air or gas embolism, carbon monoxide poisoning, gas gangrene, acute traumatic ischemia, decompression sickness, arterial insufficiencies, severe anemia, intracranial abscess, necrotizing soft tissue infections, refractory osteomyelitis, delayed radiation injury, compromised grafts and flaps, acute thermal bone injury and idiopathic sudden sensorineural hearing loss. The mechanism of action on HBOT is dual and based on elevation of both the partial pressure of inspired O 2 and the hydrostatic pressure. Elevation of the hydrostatic pressure compresses the gas-filled spaces in the body (Boyle's Law) and is relevant when gas-babbles are present in the body (PC). On the other hand, elevation of the O 2 partial pressure increases the tissue production of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) therefore promoting modulation of intracellular transduction cascades, leading to synthesis of growth factors and promoting wound healing [83] . HBOT has been mentioned before as a therapeutic option for PC.
Shih et al. [84] presented a case of a 36-year-old woman with cardiopulmonary arrest and deep coma caused by epidural anesthesia-induced PC. She was treated successfully with one session of HBOT of 120 minutes at 2.8 atm absolute pressure with 100% oxygen concentration. Plava et al. [85] conducted a small study to assess the benefits of HBOT for the treatment of symptomatic PC. Their study population was mostly patients who suffered traumatic head injuries, and presented with symptomatic PC. Even though their study had some limitations, they managed to show that HBOT in selective cases may lead to clinical and radiological improvement and can shorten hospital stay.
We believe that HBOT can be offered as a dual-mechanism-treatment for PDPH; weather the cause is CSF leak or the rarer presentation of PC. HBOT serves not only as a successful treatment for PC, but also as an adjunctive therapy for wound healing. The rationale for treatment of chronic wounds with HBOT is improved angiogenesis through fibroblast proliferation and collagen synthesis. Work published in 1959 tried to explain the mechanism of dural response to perforation. Keener [86] maintained that dural repair can be facilitated by fibroblastic proliferation from the surrounding tissue and the local formation of a blood clot. We postulate that HBOT may improve fibroblast proliferation at the site of the dural tear and will therefore facilitate its closure. Furthermore, we think that HBOT should be considered prophylactically once dural puncture is suspected, since PDPH will most probably develop later on.
